desirable to apply a new modality for this purpose, with which the data acquisition can be more quickly completed (within 1 minute) and with which successful CS identification can be consistently achieved.
Among the various MR imaging contrast mechanics, apparent diffusion possesses the unique property of directional dependency. The apparent diffusion anisotropy of the central nervous system is empirically known to originate from a neuronal process, principally axons. Anisotropic DW imaging with an echoplanar sequence can acquire the data within 30 seconds, and clearly depicts neuronal fibers perpendicular to a diffusion gradient as hyperintense, avoiding motion artifacts. The entire subcortical tract, which runs in the C-C direction (C-C tract) becomes hyperintense in the AP diffusion gradient. In previous studies, it has been suggested that the C-C tract mainly reflects the CST. 3, 10, 14 It is also well known that the CST is composed of more than 10 6 fibers arising almost exclusively from the PMA (Brodmann's Area 4). 12 On the basis of these facts, we expected that the signal intensity of the PMA might become significantly increased on anisotropic DW imaging, and we suspected that this could be helpful for the identification of the PMA and CS. The recently developed 3DAC imaging modality was also used because it is potentially more powerful than anisotropoic DW imaging for enhancing the anisotropic contrast, eliminating the isotropic components of pathological brain conditions.
In this study, we applied anisotropic DW imaging with the AP diffusion gradient and 3DAC imaging to identify the PMA and CS by observing the C-C tract. The expected locations were confirmed on fMR imaging, MEG, and with the cortical SSEPs in cases in which lesions affected the central motor system.
Clinical Material and Methods

Patient Selection
Studies were performed in 17 patients with intraaxial tumors, which included metastatic brain tumors (four patients), astrocytic tumors (nine patients) or cavernous angiomas (four patients). The demographic data for all patients is summarized in Table 1 . Age-matched controls consisted of 10 volunteers who had no history of cerebral events or abnormalities on MR images. Written informed consent was obtained from every participant before inclusion in the study.
Protocols for MR Imaging
During the same MR experiment, anisotropic DW imaging and anatomical and fMR imaging were performed with a 1.5-tesla whole-body MR imager with echoplanar capabilities and a standard whole-head transmitter receiver coil (Magnetom VISION; Siemens AG, Erlangen, Germany).
Functional MR Imaging
The fMR imaging was performed with a T 2 -weighted echoplanar imaging sequence (TE 62 msec, TR 114 msec, flip angle 60˚, slice thickness 5 mm, slice gap 2.5 mm, FOV 300 mm, 64 ϫ 128 matrix, 10 slices), resulting in an acquisition time of 2 seconds for each fMR imaging volume. Because of the different head sizes and positions of each patient, we selected a large FOV that could contain the entire head, fixing the same center of the FOV on x and y axes through all imaging sessions. Each fMR imaging session consisted of three dummy scan volumes, and three activation and four baseline (rest) periods. During each period, five echoplanar imaging volumes were collected, yielding a total of 38 imaging volumes. The fMR imaging data for MERs were acquired by measuring self-paced finger tapping at a constant rhythm of approximately one cycle per second. During the experiments patients kept their eyes closed and foam cushions were used to immobilize the head.
After the data acquisition, a motion detection program (MEDx; Sensor Systems, Sterling, VA) was used to estimate motion artifact through each fMR imaging session, and fMR imaging sessions containing motion artifacts of more than 25% of the pixel size were discarded. After omitting the first three dummy volumes and applying a Gaussian spatial filter (10 mm in half width) for each session, functional activation maps were calculated with a crosscorrelation analysis between the measured and expected activation time course for each voxel by using Dr. View (Asahi Kasei, Tokyo, Japan), and pixels with a z score of more than 3.5 were accepted. The result of each fMR imaging session was coregistered to 3D T 1 -weighted MR images of each patient's head. Anisotropic DW Imaging. Multislice single-shot, spinecho echoplanar anisotropic DW imaging (TE 87 msec, 128 ϫ 128 matrix, 19 slices) was performed using a motion-probing gradient (b value) of 1000 seconds/mm 2 . The diffusion gradients were applied sequentially in three orthogonal directions to generate three sets of transverse anisotropic DW images and thus visualize the tract orientation. The C-C tract was most clearly delineated as hyperintense areas in the AP diffusion gradient. We decided to select the hyperintense areas of intensity that were 1.6 times higher than that of the white matter in the unaffected occipital lobe as the C-C tract.
Because pathological brain conditions such as perifocal edema and tumors become hyperintense on anisotropic DW imaging due to high proton density in the lesions (T 2 shinethrough effect), 2 we created 3DAC images to eliminate the isotropic components of the lesions. Three colors (red, green, and blue) were assigned, respectively, to the gray scale of the three axial anisotropic DW images on the x, y, and z axes. These three color images were then combined pixel by pixel to form a single-color image in a full-color spectrum. The final images were displayed in negative to obtain a one-to-one correlation between each of the three colors and their respective axes (x, y, and z).
Anatomical 3D MR Imaging. We obtained 3D MR imaging data of each patient's head, consisting of 96 sequential, 1.8-mm-thick axial slices with a resolution of 256 ϫ 256 pixels in an FOV of 300 mm with a turbo fast low-angle shot sequence.
Magnetoencephalography Studies
The SSEFs were recorded by applying rectangular electrical pulses with a duration of 0.2 msec to the left and/or right median nerve. The stimuli were delivered with a constant interstimulus interval of 211 msec at an intensity sufficient to generate a moderate thumb twitch. The MEG data were recorded using a 204-channel biomagnetometer (VectorView; 4D-Neuroimage, San Diego, CA) in a magnetically shielded room, and the SSEF recordings consisted of a 50-msec prestimulus baseline and a 250-msec analysis period following stimulus delivery. The MEG responses in 200 epochs were averaged and digitally filtered between 1 and 70 Hz. Deflections of SSEFs were visually identified on the basis of the root mean squared fields of more than 10 sensors in the hemisphere contralateral to the stimulus. Equivalent single-current dipoles were calculated for the field data that peaked at approximately 20 and 30 msec. We accepted only the dipoles with a correlation value of more than 0.95 and confidence volume of less than 200 mm 3 . The coordinates of the dipoles were transformed into the 3D MR images by identifying external anatomical fiduciary markers (nasion, left and right preauricular points). The estimated SSEF dipoles were projected onto the reconstructed brain surface images, clearly indicating the CS and PMA locations.
Perioperative Cortical SSEP Recording and Inspection of the Brain Surface.
To verify the suspected CS location by anisotropic DW imaging, intraoperative N20/P20 phase reversal of cortical SSEPs was detected using a four-plate electrode. For stimulation, 200 repetitions of 0.2-msec constant current pulses were delivered to the medial nerve at the wrist, with a frequency of 5.1 Hz and a current strength of 10 to 20 mA. The electrode was positioned at several different places around primary somatosensory, motor, and surrounding areas before resection of a lesion. The CS was identified by finding the phase reversals of cortical SSEPs.
The functional mapping data detected with MEG and anisotropic DW imaging (3DAC imaging) were superimposed on a 3D brain surface MR image. The actual brain surface in the operative field and the 3D brain surface image depicted on MR imaging were visually compared during the operation to confirm the results of each method.
Results
Normal Volunteers
We were able to indicate the CS location in both hemispheres on the basis of the anatomical characteristics of the rolandic region, which have been reported previously, 7 in all 10 normal volunteers (20 hemispheres). Two major deflections, such as N20m and P30m, were observed in SSEFs in the region contralateral and frontoparietal to the stimuli. Estimated SSEF dipoles were located in the inner bank of the suspected CS in all hemispheres (Fig. 1A) . Although active pixels of MERs were mainly observed in the somatosensory-motor cortex contralateral to the motor task, there were several additional active areas in the contralateral supplementary motor and ipsilateral motor areas (Fig. 1B) . Anisotropic DW imaging with the AP diffusion gradient clearly revealed the C-C tract as hyperintense in the white matter. The PMA of hand and foot representations in both hemispheres was significantly hyperintense on anisotropic DW imaging (Fig. 1C) . The suspected CS locations were identical on anisotropic DW imaging as well as fMR imaging and MEG in all normal volunteers.
Patient Data
Findings on MEG. Sixteen patients revealed the two SSEF deflections, as is typical, and the estimated SSEF dipoles were located in the inner bank of a major sulcus in the rolandic region. The patient in Case 14, who had a metastatic brain tumor in the parietal region and was suffering from severe hemisensory deficit, demonstrated no typical SSEF deflections. The SSEFs indicated the CS location in 35 of 36 hemispheres.
Findings on fMR Imaging. Three patients (Cases 3, 12, and 17) failed to achieve adequate performance of the motor task because of confusion, hemiparesis, or claustrophobia. Ten patients successfully demonstrated the main MER activation in the primary somatosensory-motor cortex identified on MEG. In two patients (Cases 1 and 2), the main MER activation was observed in a region approximately 15 mm posterior to the CS location suspected on the basis of MEG. Intraoperative findings led us to believe that the predominant venous architectures, which ran over the tumor in the parietal region, might principally contribute to the MER sources. Multiple areas of the MER activation were observed in the contralateral supplementary motor cortex, cingulate gyrus, and the ipsilateral and contralateral somatosensory-motor cortex in two patients (Cases 5 and 14). As a result, the CS and PMA were clearly identified on fMR images in 10 of 17 cases.
Anisotropic DW Imaging. Anisotropic DW imaging with the AP diffusion gradient delineated the C-C tract as hyperintense. The signal intensities of the primary and supplementary motor areas were enhanced because of the projection of the C-C tract. The CS and PMA were clearly identified because the PMA had revealed the highest intensity in the brain on anisotropic DW images. Pathological lesions such as brain tumors and perifocal edema appeared as hyperintense areas in addition to the C-C tract in five patients (Cases 4, 5, 12, 13, and 17; three with an astrocytic tumor and two with a metastatic tumor) because of the T 2 "shine-through" effect. It is generally accepted that pathological lesions mainly consist of increased isotropic diffusion components in contrast to axonal fascicles, which demonstrate direction-dependent contrast. Because the sum of the three colors of identical intensity results in cancellation (whiteout), the process of 3DAC imaging effectively eliminates the isotropic components of the lesions (isotropic elimination). As a result, the anisotropic components of the C-C tract were distinctly visualized on 3DAC images (Fig.  2) and correctly indicated the PMA location in all affected hemispheres.
Intraoperative Findings
Cortical SSEPs were successfully measured in the affected hemisphere of each patient and clearly indicated the CS location. We could observe a sufficient amplitude of cortical SSEPs to identify the phase reversals of cortical SSEPs in the patient in Case 14, who showed no typical SSEFs. The CS locations on cortical SSEPs and 3DAC images were almost identical in all patients. The results of functional mapping are summarized in Table 2 .
Illustrative Cases
Case 1
This 20-year-old woman experienced repeated transient numbness in the right hand. Neuroimaging examinations revealed an intraaxial mass in the left rolandic area. The lesion was hyperintense on T 2 -weighted MR imaging and hypointense with marked enhancement after addition of contrast medium on T 1 -weighted MR imaging, strongly suggesting a tumor of glial origin (Fig. 3) . Because the lesion was adjacent to the PMA, it was vital to identify the CS correctly for complete tumor resection.
The locations of SSEF dipoles indicated that the tumor might be in the superior parietal lobe. Activated MER areas on fMR imaging, however, were observed above the tumor suspected in the parietal lobe on SSEFs and in the bilateral supplementary motor areas, with little activation in the PMA. Because the CS location identified with the aid of MERs did not correspond to that identified with SSEFs, we needed further information for firm CS identification. Anisotropic DW imaging with the AP diffusion gradient revealed marked increased signal intensity only in the PMA suspected on SSEFs.
The estimated SSEF dipoles were projected onto the 3D MR image of the brain surface demonstrating the spatial relationships among the gyri, sulci, and SSEF dipoles (Fig.  4A ). Before surgery, we deduced that the tumor might be located in the superior parietal lobe. The phase reversals of N20 were observed along a sulcus at an edge of the craniotomy, which should be the CS. The intraoperative findings were quite consistent with the assumed location of the CS, which had been preoperatively identified using SSEFs and anisotropic DW imaging (Figs. 3 and 4) . During the operation, we recognized that large veins draining the rolandic area ran over the tumor in the parietal region, which might have principally contributed to the MER source. The tumor in the parietal region was totally resected and no additional deficits occurred.
Case 12
This 69-year-old, right-handed woman had experienced right hemiparesis 1 month before the investigations. Neuroimaging examinations revealed a heterogeneous high-intensity mass in the left rolandic region on T 2 -weighted MR imaging, and the main lesion showed ringlike enhancement with contrast medium on T 1 -weighted imaging, strongly suggesting a high-grade glioma (Fig. 5) . Although the estimated SSEF dipoles clearly indicated the CS location, it was hard to trace the medial part of the expected CS adjacent to the tumor (Fig. 5B) . The patient could not perform the finger-tapping task because of severe right hemiparesis, predominantly of the upper extremity, and therefore the MER data were not obtained. Because the expected PMA as well as the surrounding brain edema and the tumor itself appeared hyperintense on anisotropic DW imaging because of the T 2 shine-through effect (Fig. 5C ), anisotropic DW imaging failed to indicate the PMA location. The 3DAC images, however, could dramatically eliminate the isotropic components of the pathological brain tissue. The red-purple gyrus on 3DAC imaging that might be the PMA, including the C-C tract, was shifted anteriorly by the tumor and suggested that the tumor was mainly located in the primary somatosensory cortex (Fig. 2C) . The anatomical and functional orientations on 3D MR imaging, including the SSEF dipoles, were exactly fit with the intraoperative inspection of the brain surface ( Fig. 5D and E) . After subtotal removal of the tumor, hemiparesis improved dramatically. The histological diagnosis of the tumor was glioblastoma multiforme.
Case 17
This 40-year-old woman experienced a focal oromotor seizure. On MR images a low-intensity tumor was observed, with little enhancement in the right frontal lobe on T 1 -weighted images after addition of Gd-diethylenetriamine pentaacetic acid (Fig. 6) . Because she had severe claustrophobia, the patient was not able to perform the finger-tapping task or keep her head inside the MEG apparatus for a few minutes. We therefore skipped the fMR imaging examination and shortened the MR and MEG investigation times (4 and 2 minutes, respectively), reducing the numbers of the phase-encoding step and of the data acquisition. Functional analyses demonstrated that the SSEF dipoles were concentrated in a major sulcus located at the posterior border of the lesion, suggesting that the tumor mainly existed in the PMA. Anisotropic DW imaging was successfully per-FIG. 2. Axial 3DAC images of the same volunteer as in Fig. 1 (A) , the patients in Cases 1 (B, C, and D), 12 (E), and 17 (F). Blue squares and orange-yellow areas indicate the expected locations of the SSEF dipoles and MER activation, respectively. The red-purple areas reflect the C-C tracts, which mostly originate from the PMA. The CS and PMA locations identified by SSEFs are consistent with those seen on 3DAC images. Little MER activation is observed in the PMA location suspected on the basis of SSEFs and 3DAC imaging (B). The CST in the deep white matter is contiguous with the posterior limb of the internal capsle (C and D). Note that because the CST is curvilinear in the hemisphere, the color of the tract changes from red-purple (shallow) to blue (deep). A brain tumor shifted the red-purple C-C tracts anteriorly in the patient in Case 12 (E) and posteriorly in the patient in Case 17 (F).
formed, because the data acquisition was finished within 30 seconds with no need for patient cooperation. The anisotropic DW imaging results, however, hardly distinguish the C-C tract from the hyperintense tumor, although the contralateral motor area could be identified, with its relative hyperintensity (Fig. 6B) . The 3DAC images, however, clearly demonstrated the anisotropic components of the C-C tract as red-purple areas, eliminating the T 2 shine-through effect of the tumor. The expected PMA, which encompassed the major projection of the red-purple C-C tract, was shifted posteriorly by the tumor on 3DAC images (Figs. 2D, 6C , and 6D). Cortical SSEPs indicated the CS and the widened PMA by the tumor. Intraoperative findings were consistent with the preoperative surgical simulation, demonstrating the C-C tract projection on 3D MR imaging ( Fig. 6D and  E) . Partial removal of the tumor was performed to obtain biopsy specimens, making a small corticotomy in the anterior part of the PMA (Fig. 6F) . After the surgery, the patient suffered transient central facial palsy for 1 week. The histological diagnosis of this tumor was astrocytoma Grade III.
Discussion
In this study, we identified the PMA and CS by using anisotropic DW imaging and 3DAC imaging and confirmed the CS location by using MEG, fMR imaging, and cortical SSEPs. Anisotropic DW imaging with the AP diffusion gradient clearly indicated the PMA location in 12 of 17 cases, and failed to enhance the signal intensity of the PMA selectively in the other five patients with severe brain edema. The 3DAC images clearly visualized only the anisotropic components of the PMA involving the C-C tract as redpurple areas, and we found that the red-purple C-C tract mainly originated from the expected PMA. We believe that 3DAC imaging is the most powerful method to identify the PMA, although it reflects only the anatomical structures such as the anisotropic components of the axonal fasciculus, with no functional information in the brain. Nevertheless, the axonal directions and orientations can potentially elucidate parts of the brain function, and it is clinically important to acquire the data rapidly and easily (within 30 seconds) with no requirement that the patient perform a task.
The ubiquitous use of MR imagers would make BOLD fMR imaging the ideal tool for functional mapping, but the question of the true origin of the gradient-echo fMR signal is still under investigation. The activation signals in the fMR studies are only 1 to 8% larger than the noise, and these signals have to be distinguished from other physiological ones that are much larger. The source of the BOLD fMR signals may be located at a distance from the active brain area, depending on the venous drainage architecture.
In the patient in Case 1 there was an unacceptable error in the CS location on fMR imaging, and intraoperative inspection showed that the major veins running over the tumor in the parietal lobe drained the whole rolandic area. We speculated that this prominent drainage system might affect the functional localization of the BOLD fMR imaging.
In recent fMR studies it has been pointed out that there is a significant difference in activation volumes and patterns of MER with brain lesions in the rolandic area. 1, 6, 16 These authors speculated that if the autoregulation of the cerebral vessels is lost in the part of the brain that still functions, the
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* "Multiple" indicates that multiple sites of activation were observed, and "failed" means that investigations failed because of the patients' conditions, such as cortical dysfunction. Abbreviations: ADWI = anisotropic DW imaging; fMRI = fMR imaging; L = localized; NL = not localized. affected brain regions may hardly be expected to respond to increased neural activity by a corresponding increase in blood flow. It is also possible that the venous congestion caused by the mass effect may lead to an increase in volume on the side with the brain tumors. Therefore, certain pathophysiological brain conditions and the venous drainage architectures might interfere with the cortical mapping of fMR imaging.
In contrast, it is possible that MEG localization errors originate from the MEG data acquisition of the SSEFs and dipole localization (the inverse problem), in which the single equivalent current dipole model is used, with a spherical head model as a volume conductor. Another source of error is introduced when the dipole localizations in the MEG coordinate system are transferred to the MR imaging data set, because fiduciary marker placement and the registration process can affect accuracy. The overall accuracy of the combination of MEG localization is approximately 5 mm, and has been clinically confirmed. 4, 9 This application is only available, however, at a limited number of institutions, because of the expense incurred in running a biomagnetometer unit.
Axonal fibers are topographically originated and run in fascicles, and the CST is the biggest axonal bundle in the human brain. Although these facts are well known to pathologists and neurologists, direct in vivo visualization of this fascicular organization in humans has not been possible. Because the C-C tract theoretically appears hyperintense on anisotropic DW imaging with the AP diffusion gradient, there are no guarantees that the C-C tract on anisotropic DW imaging reflects only the CST. Karibe, et al., 10 however, reported that the severity of the C-C tract injury on anisotropic DW imaging was closely correlated to the motor function outcome in patients with deep intracerebral hemorrhage. These authors concluded that anisotropic DW imaging might be useful for assessing the CST injury. It has been shown that the white matter tracts from the PMA extend not only to the posterior limb of the internal capsule but also to a large number of other structures, including the corpus callosum, the postcentral gyrus, the superior frontal gyrus, and many more. Also, white matter tracts from the posterior limb of the internal capsule extend to many cortical structures in the frontal and parietal lobes, not just to the PMA. Jane, et al., 12 however, studied the contribution of the PMA to the CST in a patient who suffered from involuntary movement and concluded that the CST is composed of more than 10 6 fibers, which originate almost exclusively from the PMA. Holodny, et al., 5 obtained the fractional an- isotropy from eigenvalues, calculating the diffusion tensor for every voxel of anisotropic DW imaging. They found that the common tracts located between the motor homunculus of the precentral gyrus and the posterior limb of the internal capsule and observed on anisotropic DW imaging had a low fractional anisotropy value, which might indicate the CST. As a result, the CST extracted using a fractional anisotropy was subjacent to the areas of MER activation on fMR imaging. Based on these facts, we believe that anisotropic DW imaging might be a powerful tool to identify not only the CST but also the PMA, from which the CST mainly originates. We have demonstrated that the PMA containing the CST typically revealed the highest intensity on anisotropic DW imaging with the AP diffusion gradient.
Malignant cells and edema, which insinuated themselves between the axons, created increased freedom of movement of the water molecules in all directions. This is in contrast to the CST, in which the diffusion of water molecules is severely limited in the directions perpendicular to the long axis of the axons. Because the sum of the three primary colors of identical intensity results in cancellation (whiteout), the 3DAC process effectively eliminates isotropic components. In this study, anisotropic components of the C-C tract subjacent to the PMA were clearly distinguished from the pathological brain tissue, because we found that the redpurple C-C tract seen on 3DAC images mostly originated from the PMA.
A recently established, ultrafast imaging technique, echoplanar imaging, is now indispensable for fMR imaging and anisotropic DW imaging, because the fast scanning can minimize motion artifacts. A critical issue with this technique is the geometric distortion induced by magnetic field heterogeneity. To prevent this from occurring, we attempted to maintain the magnetic field of our MR imaging system as homogeneously as possible, and finally confirmed that the reconstructed images derived from fMR and anisotropic DW studies were well fitted to those of the anatomical 3D MR images.
To our knowledge, this is the first report in which anisotropic DW imaging and 3DAC imaging have been applied to identify the PMA and CS in patients with lesions affecting the central motor system. Although anisotropic DW imaging allows detection of only the anatomical characteristics of axonal fascicles in the brain with no functional information, we could exactly identify the PMA by finding the most hyperintense areas on anisotropic DW imaging.
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